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By George B. BraJnikoff

SUMMARY

Graphs have been developed for rapid evaluation of air-induction
systems from considerations of their aerodynamic-performanceparameters
in combination with power-plant chmacteristics. The graphs cover the
range of supersonic Mach numbers up to 3.0. Examples are presented for
an air-induction system and engine combination at two Mach numbers and
two altitudes in order to illustrate the method and application of the
graphs.
tions on
realized

The exsmples show that jet-engine characteristics impose restric-
the use of fixed inlets if the maximum net thrusts are to be
at all flight conditions.

.

INTRODUCTION

In order to obtain a true indication of the worth of a given air.-
induction system as a component of a propulsive unit, it is necessary to
employ an evaluation parameter that represents a mnmnation of all the
gains and penalties resulting from the use of that particular system.
Such a parsmeter should eonsider not ohly the aerodynamics of the entire
installation but also such factors as the weight, mechanical complexity,
tactical.purpose of the aircraft, and many others. Obviously, such a
universal psrameter is difficult to derive and even more difficult to
apply. For this reason, it is convenient to make a partisl evaluation
based on the aerodynamic considerations before attempting a general eval-
uation. In such a case, the net thrust or the net thermal efficiency can
be used as figures of merit because they protide amea~e of the aero-

_C ~d the~@~c @ities of the tistallation. The net thrust
represents the ,forceremaining after subtraction of the drag chargeable
to the propulsive system from the thrust that it develops. The net -
thermal efficiency maybe obtained from the net thrust, the flight veloc-
ity, and the rate of fuel consmqpkion.

. The maximum net thrust and thermal efficiency attainable with a jet-
engine installation depend greatly on the performance of the air-induction
system employed. The characteristics of air-induction systems are usually
presented in terms of total-pressure recovery, etiernal drag coefficient,
and mass-flow ratio. Uuless all three of these parameters for one system
excel those for another at supersonic speeds, it is difficult to choose

r
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the better system because of the interdependence of the engine and
induction-system parameters. Because of this interdependence, it is
necessary to combine the induction system and power-plant characteristics
so as to obtain a stigle figure of merit for the complete installation.
By comparing the figures of merit, it is possible to establish the rela-
tive aerodynamicworth of each of the air-induction systems considered
when they are used with a given engine. I

The effects of changes in various parameters on the over-all perform-
smce of propulsive systems have been evaluated in the past (see refer-
ences 1, 2, and 3); however, the scope of each of these investigations
was limited because the magnitudes of chsmges due to variations in param-
eters were determined for specific engines or specific installations.
Therefore, the results have quantitative significance for the assumed
installations only and cannot be applied directly to propulsive systems
having component characteristics tifferent from those used in the analyses. ‘

The purpose of this report is to present a method of evaluation of
various air-induction systems when caibined with arbitrary jet engines,
and to present gaphs that were developed to permit rapid determination
of the thrust coefficients of a wide variety of jet-propulsion systems
(rsm jets, turbojets with sfterburning, ducted fans, etc.). The evalua-
tion is based on considerations of the air handling qualities of the
induction systems and the component characteristics of engines. The
method allows selection of the aerodynamically optimum conibinationof an
induction system and engine for a particular set of flight conditions.
Thus, it provides the initial solution h the more general problem that
considers the relative merit of systems for a range of flight conditions.

NOTATION

A cross-sectional srea at any point of stresm tube containing the
air flowing through the propulsive system, square feet

a speed of sound, feet yer second

%
external drag coefficient of propulsive

(J

?Efrontal area of installation —

%’

%’
exte~ drag coefficient of propulsive
stream cross-sectional area of stresm

system based on maximum ,

dimepsionless

system based on free-
tube entering the inlet

(9.OJ?E— , dimensionless .

cFi internal thrust coefficient based on maxhum frontal area df

tistallation
(J

Fi
— , tiensionless

.
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QJ

cm’

()cmp

%

%

Dm

‘(B+S)

m

Fi

g

H

h

J

L.H.V.

M

m

w
G

~A

internal thrust coefficientbased on the free-stream ~ss-

()
sectional area of streti tube entering the inlet —
dimensionlesss W%’

net t~t coefficient based on the free-stresm cross-sectional
area of stream tube entering the inlet (CFi’ - ~’),
dimensionlesss

net thrust coefficient based on madm.nn frontal area of engine,
dimensionless

external drag force ckgeable to propulsive system

~D(B+@ -%++, P-*

pressure and friction drag forces acting on the basic body
shape (fuselage) without an air hlet, pounds

total momentum of the incoming mass of air at the entrance
station less the total nmmentum of the same mass of air in
the free stream [(PIA1 + m=vl) - (PA + qvo) IS POW*

pressure and friction drag forces acting on the external sur-
face of the combined basic body and the propulsive systm,
pounds

net thrust force (Fi - ~), pOWldS

internal thrust force (rate of momentum change of internal
flow between free-stream and the tail-pipe exit where static
pressure is assumed equal to the free-stream static pressure),
pounds

acceleration due to gravity, feet per second squared

total pressure, pounds per square foot

specific enthalpy, Btu per pound

mechanical equivalent of heat, 778 foot-pounti per Btu

lower heating value of fuel, Btu per pound

Mach number, dtmensionless

mass-flow rate, slugs per second

mass-flow ratio
(J
QQA
poVaA

actual rotational speed of engtie, revolutions per minute

..-— .- —- —-. ._—..__—. —— . .-.. -— —.——— —. — — -......- .— ..— — -— -—-— ———
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Nc

P

‘P

‘%

t

T

v

w

Y

Vcllt

f -i

P

corrected rotational speed. f“~~)(~ere 7 ~d T
co&respond to stagnation c’mditions at tfieWet of the unit
under consideration),revolutions per hinute

static pressure, pounds per square foot

maximum frontal area of power plant, square teet

maximum frontal area of installation, square feet

static temperature, de~ees Rankine

total temperature, degrees Rankine

speed, feet per second

weight-flow rate, pounds per second

ratio of specific heats

increment

()

H \
pressure correction factor

m

net thermal efficiency of propulsive system (net thrust times
the flight speed dividedby energy input rate)

conibinedadiabatic efficiency of compressor and turbine

temperature-correctionfactor W’19Y1
l-. A

mass density, slugs per cubic foot

Subscripts

A actual

a air

c compressor

cc corrected compressor parameter

Ct corrected turbine psrsmeter

.

,.— —..-— -——- -— ——-— -— . .-.___-. - . . . . . . - —-
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R

t

0,1,2$
3,...11

drag

‘external ‘

thrust

fuel

stagnation conditions

inte~al (within boundaries

conditions corresponding to

net

of stream tube entering the inlet)

flight Mach mmiber

f

ojythmnnconditions (conditions of best performance)

power’plant

at standard sea-level static conditions .

reference (such as frontal area, used in drag coefficient) . ‘

turbine

station, as shown in figure 1

METHOD

.

The method of evaluation consists of determining the maxhnet
thrust coefficient based on the frontal.area of the engine at various
conditions of flight. The present report considers prhsrily the net
thrust coefficient,because the net thermal efficiency depends directly
on the net thrust coefficient (see equation (A8) of appendix A); the
evaluation at a given flight condition leads to the ssme conclusions
regardless of which of the two parameters is used. The net thermal
efficiency ib useful in evaluating complete flight plans when range and
endurance must be considered:

In order to evaluate an induction s~tem, the following information
must be available:

1. The induction-system characteristics H3/Ho> w&> EUIdCDE
(which represents the total drag chargeable to the propulsive
s~tem) for various Mach numbers and ratios of inlet area to

‘ frontal area of the installation

*...— .. . . —.. ——. . —....— ..-- . ..— .- -. . . . . . .—- .-. ————— ‘. - —_. . ..—— —
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2. The engine characteristics, such as the exhaust-to-inletpres-
sure and temperature ratios and the air handling capacity
(volume of ah consumed per second)z

With this information, an inlet size can be selected for the pro-
pulsion system such that it operates at any desired mass-flow ratio and
provides a constant volume of air as requiredby the engine. The inlet
size and the mass-flow ratio in turn determine the external drag of the
system. By the use of the induction-systepsmd engine-performancedata
correspon&tng to the operating condition, it is possible to calcukte the
qet thrust coefficient.

In general, the method entails the following steps:

1. The thrust coefficient C!pi?,based on the free-stresm area &
of the air reg@red by the engine, is calculated for the given engine as
a function of total-pressure recovery for the flight Mach number and
altitude. This cmaputation is perfomned using the induction-system
characteristics (H=~ as a function of ml~), the graphs presented
h this report, and equation (A3) of appendix A.

2. The drag coefficient attributable to the propulsive system at
various mass-flow ratios, ~, is transformed to ~! bymultiply5mg

~ by the ratio ~/~. (See equation (Al) of appendix A.)

3. The net thrust coefficient
?

‘ (based on ~) at various mass-
flow ratios is obtainedby subtracting he drag coefficient ~’ (step 2)

from the thrust coefficient ~Z’ (step 1). (See appendix A, equation (A6).)

4. The net thrust coefficient (,%

k%

based on the frontal area of

the engine is obtainedbytransforming ‘ (step 3) by means of equa-
tion (A7) of appendtx A.

After these calculations are
mass-flow ratios, the maximum net

?)

ven induction-systanand engine

@Np as a function of nlfio.

performed for the rauge of operational.
thrust coefficient attainable with the
coribtition is found from the plot of

Determination of the Maximum
Thrust coefficient

Many air-induction systems produce htghest

I?et

total-pressure recoveries
at mass-flbw ratios less than%lie &dmllm attainable at a @en supersonic
%he rsm-jet and turbojet engines operate essentially with constant-
volume flow since the velocity past the flame holder and at the com-
pressor intake must remain constant at the maximum allowable values.
This cond.ition.isreqyired in order to obtain the necessary thrust with

.

an engine of the least frontal area.

—.—_____ —... . —— ——-. ~———.. -- .- — . ..
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.

Mach number. As the mass-flow ratio is reduced from its maxhum value
until the maximum total-pressure recovery is attained, the thrust coeffi-
cient @il increases due to rising recovery and so does the drag coef-

ficient ~’ due to increasing additive drag (see reference 4). Thus,
the total-pressurerecove~ and dr& have opposite effects on the net
thrust coefficient ~~ within the range of mass-flow ratios limitedby

conditions of the least drag and the highest total-pressure recovery.
To attain the maxhmm net thrust coefficient it is necessary, therefore
to provide the air required by the engine at an optimum mass-flow ratio
that provides the best compromise between thrust and drag.

Determination of internal thrust coefficient, C!F?’.-When calcula-

tions of the net thrust ”coefficientare made in order to ftid the optimum
mass-flow ratio, it is convenient to consider the flow field existing
about a propulsive system to be divided in two parts, internal and exter-
nal, the boundary being that of the stream tube surrounding the air which
enters the system. The flows within these two regions maybe analyzed
separately, and the results can be combined to obtain a figure of merit
for the cmplete system. It is shown in aWendix A (equation (A3)) that
when the thrust due to tnternal flow is expressed in coefficient form

(@i’) based on the free-stre~=ea of the stre=~e =ter=~e
induction system (~), the significsmce of the quantity of air req@red
by the engine disappears. Then, the magnitude of CFit depends only

on the ratio of the exhaust and flight velocities. (The contribution of
the mass of fuel burned, Wf/Wa, to the thrust, CFit, is usually on the

order of only 5 percent at rated conditions.) This fact makes it possible.
to isolate the effects of the total-pressure recovery on the thermodynamic
cycle which deterndnes.the magnitude of the internal thrust coefficient

Qi’ attainable with given engine characteristicsat a fixed Mach number

and altitude. To reduce computational effort and to make the deterndna-
tion of the internal thrust coefficient universal, graphs based on the
thermodynamic cycles of jet engines have been developed.

The processes undergone by the internal air flow from one station of
a propulsion system to another have been represented graphically in fig-
ures 2 to 4 using the tables and methods of reference ~. (See example 16
of reference 5 for illustration of the method of solution for various
states of the gas.) The subscript numerals designate the stations shown
in figure 11 The assumptions used are independent of any actual installa-
tion They are as follows:

1. For a turbojet engine, {he specfiic enthalpy change through the
turbine is equal to the specific enthalpy rise in the compressor (calcu-
lated as if the compression were isentropic) dividedby the product of
the adiabatic efficiencies (the cambtied efficiency) of the two units.

2. The air-fuel ratios are those necessaryto maintain the assigned
combustion temperature by cmplete combustion of a fuel with the lower
heating value (L.H.V.) equal to 19,000 Btu per pound.

.—... .. .. . . . — .—. . .. . . — .—- .—. —~—..—— —-——- —.- .--—.- -. -—-
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3. The flow in the exhaust nozzle is isentropic; it has the prop-
erties of air at the exhaust temperatures.and”leaves-the tail pipe at
free-stream static pressure at all flight conditions. (This assumption
requires an adjustable exhaust nozzle with variable throat and exit areas
Aloand AIZ.)

Flight and exhaust velocities canbe determined from figure 2 for
ram jets and also for tubojets if the epgine perfomnance is avail*le in
the generalized form (H~/HaandT~/T~) suggested in reference 6. If not,
figures 3 to 5 -t be used to ftid the effects of engine operation on
the fluid conditions at the engine outlet or at the entrance of the
exhaust nozzle. -ant I of figure 2 presents the variation of the
free-stream Mach nwiber with the speed of flight at various altitudes.
Quadr~t II yields the ratio of recovered total pressure to free-stresm
static pressuxe (H~po) as a function of tOtd-Pr6S~e recovery (~/%)
of the air-induction s~tem. C@adrant III shows the highest exhaust Mach
number obtainable with the available pressure ratio (Hg/po), which includes
mechanical compression due to the power plant, as a function of.the total
temperature of the exhaust. The last quadrant provides the exhaust
velocity correspond@g to the exhaust Mach number and the total tempera-
ture T8 when p= =po. A correction for the exhaust-nozzle losses can
be applied to the exhaust velocity, which was calculated on the assumption
of isentropic flow, if the actual-to-theoreticaljet-speed ratio is lnmwn.
(See reference 4.)

The temperature graph, frcznwhich the total temperature at.various
stations throughout the propulsive system can be determined, is shown in
figure 3. The effects of altifide, flight Mach nuuiber,mechanical com-
pression, and burning of the fuel are included in this figure. Quad.
rant IV can be used to find the tqperatures or the smounts of fuel con-
sumed in afterburn@ @ well as in the main combustion chambers. The
effects of incomplete combustion or of a different fuel heating value on
fuel consumption can be taken into account by direct ratios of canbustion
efficiencies or of the heating values. The temperature graph is used in
conjunction with the compressor-turbinegraph shown M figure’k fra which
the turbine czgpansionratio necessary to &ive the cmpressor can be
determined. This figure also provides the resulting total temperature at
the turbine outlet (T~) for a given inlet temperature.

Figure 5 presents the variation of the temperature correction factor
with temperature at the compressor or turbine inlet. This figure is used
to calculate the engine operational conditions from the performance param-
eters corrected to standard sea-level conditions. The effect of tempera-
ture on the ratio of specific heats for air has been included in the t~-
perature correction factor for the compressor because the stagnation
temperature of the free stresm varies sufficientlyto cause error if it
were neglected.

The graphs described above alJ_owdetermination of the velocities smd
air-fuel rates that must be known in order to calculate the internal thrust

.

L____ _..— . — ._’——_— -——- ---- -——— -. - ---
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thrust coefficient. C!Fi~.
tuti.ng these quantities in

The coefficient
equation ,(A3)of

GFi’ is computed by substi-
appendix A.

Determination of the external drag coefficient ~’.- The total

drag chargeable to a propulsive unit consists of drag attributable to the
induction system, to the modification of the airframe necessary to house
the engine, and to the interference of the pressure field of the propul-
sive system with other components of the aircraft. The magnitude of drag
chargeable to the induction system depends on the amount of diffusion
ahead of the inlet, which is a function of mass-flow ratio (see refer- “
ence 7), and on the geometric proportions of the induction system which
may be described, in general, by the length of the tiduction system and
the ratio of inlet areato the frontal area of the installation (A1/SR).
The inlet area necessary to provide the air requiredby the engine depends
on the inlet mass-flow ratio; if the optimum mass-flow ratio is unknown,
the value of the ratio A1/SR necessary for optimum operation is also
u?ikulown.Thus, when the optimum mass-flow ratio is being calculated, it
is necessary to compute the variation of the net thrust coefficient (~~

with mass-flow ratio for several values of A1/SR which are between the
value for the inlet operatibg at the maximum mass-flow ratio and that
require? at the mass-flow ratio for maxhum total-pressure recovery.

..

~ practice, induction-systemcharacteristics are usually obtained
from tests with models having a fixed A=/SR ratio. If data for various
A1/SR ratios are unavailable, it is necessary to esthate the effects of
A1/SR ratio on the’drag and tol@-pressure recovery. ‘Since the A=/~
ratio appro~tely establishes the angle of inclination of the external
surface of the induction system with respect to the flow direction, the
surface-pressuredrag is affected the most by changes in inlet size..
Since the surface-pressuredrag usually represents only a small portion
of the total hag of a propulsive system and the angle of surface inclina-
tion changes little with moderate variations in A=/~ ratio, the effects
of the ratio A1/~ can often be neglected.

Determination of Inlet Size For
opthnum Operation

, To develop maximum thrust at a given flight condition with an engine
operating with a fixed volumetric capacity, it is necessary to match the
engine and the induction system so that the latter operates at ‘theoptimum
mass-flow ratio. This condition is attained when the induction-system
inlet area (Al) is such that the cross-sectional area of the free-strewn
tube entering the inlet (Ao) is equal to”that required by the engine. For
a fixed volumetric capacity, the area ~ required by the engine varies
Mrectlywith the total-pressure recovery at the exit of the induction
system. This area (~) can be found using relations given in appendix B

-. .—. .—.. ..———. .. . . . . -. —-. .— ..-. — .. . . . . . . . _____ . ... . __________ . .. . . . . _-
.
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(see equations (Bl) and (B8)) and the engine characteristics. The inlet
area (Al) can be found from the equation defining the mass-flow ratio,
that is, m~~ =&/Al.

The engine air requtiements change with Mach number and altitude,
and the optimum mass-flow ratio usually changes with Mach number. Thus,
it is unlikely that any one propulsive system will develop the maximum
net thrust at dd. flight conditions unless the inlet area is adjustable.
If the engine air requirements are adjusted to the characteristics of the
induction system ha- a constant inlet area by means of engine-speed
control, the propulsive system will not develop the attainable maximum
net thrust at off-design flight conditions.2 Appendix C presents the
relations between the mass-flow ratio, the total-pressure recovery, and
the engine air requirements at various engine speeds; these relatlons
provide the information necessary for computation of engine performance
at part-throttle operation.

ru~m ExAMPm

Application of Graphs

The use of the graphs can be demonstrated best by illustrative
examples. For this purpose a r= jet and a turbojet with and without
afterburning have been selected since they represent the presently popular
types of propulsion systems. When the charts are used for determining
the internal thrust coefficients of actual installations, the actual
induction system and engine characteristics are used; in the present
report, these characteristicshave been assumed. The computationswere
performed for various total-pressure recoveries (Hs/~ from 1.0 to 0.4)
and Mach numbers (~ from 1.0 to 3.0) in order to obtain data for the
example induction-systemcalculations presented later in this report.

Rsm jet.- The steps of solution, presented in tabular form, for a
ram jet flying at a Wch number 2.0 in the isothermal region of the
atmosphere are as follows (the assumed values are indicated by asterisks):

%d.nce the engine ordinarily runs at the maximum speed allowable for con-
tinuous operation (rated rpm), the speed control can only reduce the
speed. Thus, the weight of air handled per second and the operating
temperaturedecrease wfth the result that thrust decreases.

.

_— -——-..——— ——— ..—--— —-- - - -
.



NACATN 2697 l-l

“1

r’

.

The loss
However, such

Figure 6

Source

Fig. 2, quadrant I

Induction system
characteristics

Fig. 2, quadrant II

Fig. 3, quadrants I
and II

Operating temperature

Fig. 3, for T~ and

Fig. 2, quadrants III
and IV for Hg/po and
Ts

2[(?+WW

Units

sec

None

None

%

OR

lb air

lb fuel

None

None

None

Quantity

19M

0.80*

6.25

708

30W*

29.6

6.25

3913

2.170

of total pressure between stations 3 and 9
loss canbe taken into account by reducing
amount of loss.

shows the variation of the internal thrust

was neglected.
the value of

coefficient @ir

with the total-pressure recovery and Mach number computed using the proce-
dure outlined in the ssmple calculation. The temperature of combustion
was assumed to be 3000° R throughout the range of Mach numbers. It must
be remembered in the use of this figure that, since a fixed temperature
was used, either the size of the inlet or the mass-flow ratio must reduce
with decreasing total-pressure recovery or the critical area of the
exhaust nozzle must be increased to compensate for the greater specific
volume of the air handled.

Turbojet.- In order to find the variation of the titernal thrust
coefficient for the turbojet without and with afterhurning, the general-
ized characteristics of the engine shown in figure 7 were used. Constant
actual speed NA of 1.2,500rpm (rated speed at standard intake conditions)
was assumed for the entire range of operation in both cases. The compres-
sor characteristicswere selected so that the pressure ratio at Mach num-
ber 1.4 wouldbe 6.25. (The reasons for selecting this pressure ratio are
discussed in appendix D.) The effects of Reynolds number index (the ratio

.- .._. . .— —. .. . .— —. . . . .. —.--.--. — - ---- --— -— --—-— --—-—-—
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of Reynolds number to Mach number, see reference 6) on the compressor
characteristicshave been neglected. The turbine characteristicsneces-
sary to satisfy the engine operational requirements were d.ete-ed using
figures 3, 4, and 5 upon assumption of the variation of the adiabatic
efficiency qt with corrected turbine speed for sea-level static condi-
tions. The operational lbnits were ftied by the assumptions of: (1) the
combustion temperature (20C0° R) at rated engine speed; (2) the equality
of actual rotational speeds of compressor and turbine; and (3) the equal-
ity of compressor and turb@e pressure ratios at the idling speed.

The internal thrust coefficients for the turbojet with afterburning ‘
were computed on the assumption that the total fuel consumption (engine
plus afterburner) per pound of air is equal to that of the ram jet at the
same Mach number. The steps of solution for the tibojet without and with
afterburning are given in chronological order in table I which-contains
the computations for flight,at Mach number 2.0 in the isothermal region
of the atmosphere. .

As inthe case of the ram jet, the losses of total pressure due to

( )
% %-%md~ “~re neglected. Such 10Sses,combustion and friction
~H6’H7

however, can be readily accounted for when H~~ is ccnnputed.

The variation of the titernal-thmst coefficient CFit with total-
pressure recovery computed for a range of Mach numbers is shown in fig-
ure 8. The variations of the internal thrust coefficientswith Mach rium-
ber and total-pressure recovery were calculated for the engine character-
istics pertaining to a fixed actual engine speed. Thus, as the total-
pressure recovery decreases at a given Mach ngmber and altitude, the size
of the air inlet or the mass-flow ratio must be reduced for a fixed-size
engine.

Calculation of Optimum Mass-Flow Ratio
And Met Area

To illustrate the calculation of the maxhmnn net thrust coefficient
and of the required inlet area, the assumed characteristics of an air-
induction system wiXl be cmibined with the assumed engine characteristics
shown in figure 7. Ih addition, the flight conditions of the example
calculations till be selected so as to demcmstrate the effects of Mach
number smd altitude on the maximum net thrust coefficient, the optimum
mass-flow ratio, and the inlet area necessary for optimum performance.

Example l.- Flight is in the isothermal region of the atmosphere at
M8ch nuutvsr2.5. The engine operates at the rated actual speed and uses
afterburning to the etient that the total fuel consumption is equal to
that of a ram jet ha- a 3000° R cmwtion *~era*e l&. (See
figs. land6.)

0

.—-— —-— - —.——— —.. .._ _ . -—..——...—. . .. .. . -
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Exsmple 2.- Flight is in the isothermal region of the atiosph~re at
Mach number 1.2. The engine operates at the rated actual speed and uses
no afterburdng.

.

_le 3.- Flight is at sea level at Mach nuniber1.2. The engine
operates at the rated actual speed and uses no afterbuming.

To simplify presentation, the effects of the ratio of inlet area to
the maxhum frontal area of the installation (A=/SR) on the drag coeffi-
cient and total-pressurerecovery will be neglected that is, the”charac-
teristics for a ftied (A1/SR) ratio will be used to find the optimum mass-
flow ratio. The engine frontal area Sp willbe assumed equal to 70 per-
cent of ~, and A=/~ = 0.20 willbe used in SU examples; it will -o
be assumed that the engine operates at a constant speed (12,5C0 rpm) at
all tties, and that its size is such that it requires ~ = 1 square foot
when H~~ = 1.0 md ~ = 1.0 at sea level, that is (Wa)r = 54.6 lb/see.

The assumed characteristics of the induction system to be evaluated
are shown in figures 9 and 10. This system, designed for I& = 2.5, uses
one oblique shock wave ahead of the entrance and a normal shock wave just
inside the inlet at the maximum mass-flow ratio. The A=/* ratio iS
typical of induction systems of the side-scoop type. At ~ = 1.2, the
maximum mass-flow ratio is less than at ~ = 2.5” because the normal
shock wave is well ahead of the entrance and a considerableportion of flow
is deflected past the inlet. For the same reason, the ~ external
drag-coefficient ~ is higher as a result of a greater additive drag
coefficient (see reference 7). The total-pressure recovery is higher at
~ = 1.2 because the normal shockwave occurs at a lower Mach number.

In all cases the solution follows the outline given in the section
entitled “Method” of this report. I

Step 1: The variation of the internal thrust coefficient CFi’
with = at m _and flight altitude is calculated. Figure 11 shows
the internal thrust coefficient CFi~ for example 1 obtained from the
cross plot of data of figure 8 for k = 2.5.

Step 2: The external drag coefficients shown in figure 9, when
conve= ~ using equation (A4) of
assume the values shoyn in figure 11.

Step 3: The net thrust coefficient

Q%’, from @it of figure U..

Step 4: The net thrust
relation

(%), =%’ @) ~) =
. .

and the values found in step

coefficient

appenti A and ‘A1/S~-= 0.20,

~’ is obtained by subtract-

, obtained”using the

()
= 0.286 ~? m:

3, is shown in figure 12 for example 1.

-..—— . . — . _________ ----- ... .— —----- .... ...— -—--- -
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Shilar calculations for examples 2 and 3 yield the results shown in
figure 13. ~ the case of exsmple 3, curves shilar to those of figure 8
for sea-level flight must be used. .

The free-stream-tubeMea necessary to supply the a~ requiredby the
turbojet engine of the illustrative examples is shown in figure 14 for
various Mach numbers and total-pressure recoveries at two altitudes. The
curves shown were obtained using equation (B8).of appendix B. The inlet
areas required at each of the three f~ght conditions to produce maximum
net thrust coefficients (~)p were obtained by dividing the free-stream

areas ~, required by the engine when the total-pressure recoveries are

()

ml
equal to those at

()
, by the respective ‘~

= opt % opt

The results of the above calculations are summarized in the following
table:

E
Example

1

2

3

1.65

.94

.94

t

I Optil?nml

inlet area I
(%)* (AI )Opt

(Sq ft) I
0.750 0.794

.450 1.075

.149 .915

,

.

CONCLUDING REMARKS

The method and maphs allow rapid evaluation of air-induction systems
from consideration OF t~eir aerodyn-tic parameters in combination with
engine characteristics. In addition, the method and graphs simpli!’vcon-
siderably the problem of determining the optimum mass-flow ratio to be
used in cases when the maxhnu total-pressure recovery does not occur at
the maximum mass-flow ratio.

The illustrative examples indicate that the inlet area required for
optimum performance must change with altitude at a fixed Mach number as
well as with Mach number at a fixed altitude. Thus, it is unlikely that
any one propulsive system wilJ develop the attainable maximum net thrust
throughout the range of Mach numbers
varying the inlet area are employed.

Ames Aeronautical Laboratory,
National AdvisorY Committee for

and altitudes

Aeronautics,
Moffett Fieid, Calif., Feb. 19, 1952

unless some means of

L—— .—— .—— —.. -—— —.— ——-—-—. -.— —...
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APPENDIX A

.

RELATIONS DESCRIBING NET TTEWST COEFFICIENT

m m THERMAL EFFICIENCY

The internal thrust force and the intez%al thrust coefficient are
given by the following relations when the exhaust pressure is e@ to
free-stream static pressure:

where Wf/Wa
air handled.
ing the duct,

similarly, ‘

Qi =

represents
When based

2@+@cJ&LJ ‘- (M.)

-.Z&=,: [+ EJL+l, (A2)

the total amount of fuel consumed per pound of
on the free-stream area of the stream tube enter-

the internal thrust coefficient is given by

where m~=”pl?i~l
W

povdo
thus ~=—=

povo.A~

cFi’”cFi~=2
[!+WWl

thus,

The net thrust

(A3)

(Ak)

by definition. By continuity, plVIAl = poV&, and

A-o
~“

coefficient based on ~ is g“iven

~ %“@ i’-%’ ,

by

(A5)

(A6) .

area is related toTbe net thrust coefficient based on the engine frontal
~’ by the following relation:

‘ (%), = %’(*)&) = ~’:& $(*)@) (A7)

-...—- .—. —-—..-— — --. .— ---- -—~ .. . . ..-_. -.—-
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The net thermal efficiency of a propulsive system

IqiJvo ‘

v = [(L.H.V.)Wf]J

where

m = cF&130vo% -1- #F’# (Povo%) Vo ‘

1 thus

Y
. ~ %’V02 w=
2 (L.H.V.)gJ Wf

where Wa/Wf is the weight ratio
installation.

If fuel is added at stations
are known, it can be shown that

NACATIV 26911

is given as

(A8)

of air to fuel for the complete

AlandB and the local Wa/Wf ratios

()Wa =
~ total

since for one p~a of mixture (see reference 5)

similarly, solving
ratio,

()WaEB

for the air-to-fuel ratio necessary to make up a total

1

●

.

.+ 1
.[6*)A+1][(@totai J-,

C$~-(%)tota~
(A9)

. ———— — --— —.. . —.——— ———.. —-——— .-—— .-. . . . .. . . ..
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APPENDIX B

.

RELATION BETWEEN

The corrected,air

ENGINE REaJmfEimAImBEommmnm
AT VARIOUS FLIGHT CONDITIONS

flow given by the relation

(Wa)cc = a“

()
wa~~ ~’

can be plotted in the form of a ratio to the rated corrected value

(Wa)r
‘Pa%r “

Thus

+

or

- (%)=* =(.a~) ‘ ,-

(7’T‘(wa)r Wa+ r

(wa)M = (+=)r -(&)M . (Bl)

where (Wa)M = gpoV& is the actual weight rate of air flow through the
engine at a given Mach number. For any two Mach numbers Ml and ~ the
weight rates are thus rehted by the ratio ‘

(W6JM1
(Wa)M2

(B2)

for a given engine.
\

The weight. flow in the free stream through an area equal to that of
inlet passage is given by the relatiori gpoV&. = gp= ~ and the
weight entering

Atany@o Mach

the inlet is given by

(Wa)M =
[ I(@o%@o)*M

numbers M ~ and Ma

‘

(B3)

---- --- —----- ------- ------ ———-- -. —-- —- -- .--— ---- --—----------- -——- ---
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(B4)
(wa)M2 (*#o%*)M2

If the two static
standard altitude)

pressures and tmperaties are equal (fixed

The flow through the met
engine for a matched condition.

must be equal
Thus,

[

(Wa)cc bs——
(Wa)r- 1

(B5)

to the flow through the

( -)ml Ml=.

;%.) [
(Wa)cc 53

Al ‘1
1

—.
Mz (Wa)r~ M=

MI

—

since t3s=
g~md *=

constant for a fixed altitude,
Po Pr

or

[Y4$!!ptllq

= [4$!!,.].2
(B6)

.

(AI)MZ
,W~$Jopt]M2 [-%=AM1

The values of —
(Wa)r

are given by the en@e (compressor) charac-

teristics for corrected compressor speed NC=) which maybe found USQ
figures 3 and 5. The rest of the terms are determined frum the inlet
characteristics and flight conditions with the help of figures 2, 3, and 5. “

For flight at different altitudes and lkch nunibersit can be shown,
dmilarly to equation (B6), that

(Al)
.[(h : [

(Wa)cc % %

1
MO:ptg ~1~~~ ~

(B7) - ‘

M = [~ k)oPt21$%%%lM.
(AI)MI

—-. — .— ——-..—-— - —-— -—. -— -- -- .— —--- .— ----
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.

where aH = = is the speed of sound at

The freezstream area AO required by the
conditions can be obtained using equation (B7)

and Al = &. ThUS

19

sta@ation conditions.

flight
= 1,

opt

(B8)

$4&
II of figure 2 gives P.

a.
is the ratio of speed of sound at static temperature for flight

G altitude to that at standard sea-level conditions. This
ratio can be found from quadrant I of fi-e 2.

J
1
F

is given in figure 5 for ~ s TP3 which can be found from

qyadrants I and II of figure 3.

,.

___. .__-— ..-- —— - . . . ..=— — —-—-- ———-—- -—------- -----—- -—-——- -..-



20
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~ ~~s

The mass-flow ratio,

NACA TN 2697

.

AmENmx c

INIET MASS-FLOW RATIO AND THE ENGINE

AT AFIXEDMACH NUMBER AND AEl?ITUDE

by definition, is given by

ml plVIAl—.—
J% p~voAl

The mass of air flowing through the inlet is then

plvlAl = m;povoAl

The weights of air flowing through the inlet and the engine are
equal and are given by

.

()ml

G opt
movd, = [(wa)cc(+~l~t

Thus, the ratio of mass flows at Mf’ferent ml/& is given by

I [@=J4wl@Jr(3.,,=[(wa)cc&)JoP)a)r

or

.

(cl)

Solving for
(Wa)c~ ‘

(Wa)r
and rearranging te?mm, one obtatis

.

L_._——..——— -– --

..__ _.. .—— ----- —- —--
.—— — .-
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For a given Mach number and altitude the total temperature
stant, henceY

[(~).~pt = (fi).

By definition,

I

or

kwhere ~ = constant for a given MO and altitude. Thus,
r’

(wa)CC [1(wa)CC ( ),— .=
(wa)r ~

A.
% ‘Wa)r ‘Pt @?)opt (:):

%

corrected speed Ncc can
(Wa),c -

‘ah%my / ‘hecmressor
G’

from the engine characteristics. The actual engine speed
found, once - is knoti, since I?A= I&~.

,

(C2)

T- is con-

(C3)

be found

NA can be

.

f

—...—. .. —.-.. --- —.-. .— .-— — .—--- -- —-- ------ ——.— -— -—— .—. ——- —.
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.

APPENDIX D
.

SELECTION OF COMPRESSOR PRESSURE RATIO

The compressor pressure ratio H4/H9j as used in this report, has
been selected using the maxhum obtainable internal thrust coefficient
as a criterion. Figw?es 2, 3, and k were used together with the equdxlon
for the internal thrust coefficient C!Fi’(appendixA, equation (A3)).
The calculationswere based on the following participles:

1. ~ order to se~egate. the effects of variation of engine param-
eters from the effects of altitude and pressure recovery, the conditions
of the isothermal region of the atmosphere were used and isentropic
reoovery was assumed.

2. The cambined efficiency Of the compressor and turbine qcqt was
assumed to be 100 percent in
ture of 2000° R was used.

3. The internal thrust
Mach numbers of flight. The
efficient.

.

all computations, and a combustion tempera-

coefficient CFi’ was determined for assumed
exhaust nozzle was considered 100 ~ercent

The results of these cslculationa are shown in figure l’jfor the
turbojet without sfterburning. The points of msximum internal thrust
coefficients have been joined by a curve which indicates the compressor
pressure ratios necessary to obtain optimum operation. The data of fig-
ure 15 are idealized since the variation in compressor efficiency with
temperature was not included (qcqt was assumed to be 100 percent).

The opthum pressure ratios, however, are not affected appreciably
by the combined efficiency; the thrust coefficients, on the contrary, are
largely dependent on efficiency of every component of an installation.
Pressure ratios of the compressor of figure 7 at various Mach numbers
sllsoare shown h figure 15. me value of H4/Ha= 6.25 at m =.1.4
was selected as one that would produce approximatelymaximum internal
thrust coefficient without afterburning at Mach numbers less than 2.0.
Figure 16, which presents data similar to those of figure 15 but with
afterburningj shows that the same engine using afterburning is capable of
producing nearly maximum internal thrust coefficients in the range of Mach
numbers between 2.0 and 3.0. Again, the smount
trolled so that total fuel consumption wouldbe
jet of figure 6.

a

of afterbuming was con-
equal to that of the ram

.

_ ----- .- .. ———-. ----- .- .-. .
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TABLE I.- SAMPLE CAKXIWTIONS FOR A TURBOJET ENGINE
WTL!HAND WITHOUT AETERBURNING
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